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Abstract
Centromeres are playing a key role in proper segregation of sister chromatids during
mitosis and meiosis. At the centromere region in the chromosome, spindle microtubules
attached to the kinetochores that direct the chromosome segregation during mitosis and meiosis.
Although centromeric function is conserved among different organisms, there is no conservation
of centromeric DNA sequences ranging from budding yeast which has a consensus sequence of
approximately 125 base pairs (bp) on each chromosome to Caenorhabditis elegans species
which has a holocentric centromere that spans the entire chromosome. However, there are some
common proteins that form the kinetochore, such as CENH3 and CENP-C.
In this study, wild rice (Oryza ruflpogon) chromosome 8 centromere fragments were compared
to all the domesticate rice {Oryza sativa ssp japónica) chromosome centromeres, Arabidopsis
thaliana chromosome 5 centromere, Lycopersicon esculentum chromosome 12 centromere, and
Dictyostelium discoideum chromosome centromere. Annotation results of all the genomes
suggest that many of the structural aspects parallel in both the species of the rice centromeres.
For example, both wild rice fragments and domesticated rice chromosome centromere sequences
found to share their GC contents in between 40-45%. The Arabidopsis thaliana chromosome 5
centromere, the Lycopersicon esculentum chromosome 12 centromere, and the Dictyostelium
discoideum chromosome centromere had less structural similarities with the Oryza rufipogon
chromosome 8 centromere. Further, annotation of the wild rice fragments and the domesticated
rice genome revealed that both the species had the cento satellite repeats and Ty3/gypsy
retrotransposons.
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In trodu ction
Centromeres play an important role in the chromosome segregation during cell division.
Centromeres are the sites of kinetochore assembly and sister chromatid cohesion during cell
division (Kitagawa et al., 2001). Centromere function is conserved from plants to mammals and
also centromeric chromatins have similar structural features in eukaryotes. Eucaryotic
centromeres are characterized by having various types of elements with repetitive sequences in
the center, including satellite DNA and by having transposons and retrotransposons in the
flanking region except budding yeast (Saccharomyces cerevisiae). Centromeres are typically
composed of repetitive satellite sequences that are evolving rapidly and are arranged in a tandem
head to tail fashion. Cenrtomeric chromatin is characterized by the presence of specialized
histone H3 called CENH3. Species specific CENH3 molecules have been identified in all
eukaryotes investigated so far. Completely cloning, sequencing and assembling of the
centromere sequences have been remained as chal lenging because of the heterochromatic nature
of the centromeres (Jiang et al., 2003; Ma et al., 2007; kitagawa et al., 2001; Talbert et a l,
2004).
This study focuses on the comparison of the centromeric region of the wild rice
chromosome 8 centromere fragments with the domesicated rice centromeres , other plants (
Brassicaceae, Solanaceae) centromeres,, and also with the Dictyostelium discoideum
centromere.
So far, among the genomes analyzed, rice is the simplest monocotyledonous genome. The
rice genome is composed of 12 chromosomes and has a total length of 430 mega bases (Mb).
Because of its compact genome, synteny with other genomes, and its great economic value, rice
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has been used as the model for plant genome analysis (Sharma et a l 2008; Kurata et al., 2002).
Cytological studies have shown that the rice centromere is characterized by having seven
repetitive elements. Tandem repeats are present in the core region and most of the centromere
specific retrotransposons, and few genes are present in the peri centromeric region.
1. Tandem repeat family (CentO) with a 155 bp unit ranging from 65 kb to 2 Mb. The
CentO is quantitatively variable among 12 rice centromeres (Cheng et al., 2002).
2. RCS2 is 168 bp short tandem repeat specific for Oryza species. This is present in only
closely related species of rice compared to the remaining six repetitive elements which
are present in all graminiae family (Kurata et al., 2002; Dong et al., 1998).
3. Centromere specific retrotransposon (CRR). These elements interrupt CentO elements
irregularly (Cheng et al., 2002).
a. Gypsy type retrotransposons are like RIRE3, RIRE7, RIRE8 and RCS1 are more
common (Kurata et al., 2002).
b. RCE1 is 1.9 kb unit, tandemly arrayed intervening sequences (Kurata et al.,
2002).
4.

Several putative genes, such as transforming growth facter (TGF)-beta receptor

interacting protein, putative endoplasmic reticulum retrieval protein (RER1), defective
chloroplast, and leaf (DCL) protein are present in the rice centromeres (Cheng et al., 2002).
Ikuo et al identified CpG rich clusters in rice genomic sequences at the frequencies of one
per 4.7 kb. The CpG sites are the region of DNA where the cytosine nucleotide is present next to
the guanine nucleotide in a linear sequence along its length. These CpG containg sites are called
CpG islands (2001).
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Arabidopsis thaliana is a member of the Brassicaceae family and is so similar to most
other plants in many aspects. It has a smaller genome compared to other species in this family.
Arabidopsis chromosome 5 centomere is 0.1 Mb and the central domain consists of 180 base pair
satellite repeats organized in tandem arrays that range from 0.4 to 1.4 Mb on different
chromosomes and different athila retrotransposons; it forms the functional sequence of the
Arabidopsis centromere (Ma et al ,2001; Kumekawa et a l, 2001; Fang et a l, 2005). Ikuo et al
identified CpG rich clusters in Arabidopsis genomic sequences at the frequencies of one per 4
kb. Plants with small genomes have these clusters associated with their genes. However, in
plants with large genomes only few clusters are associated with genes (2001).
Lycopersicon esculentum (tomato) belongs to the Solanaceae species family. Among
this family, the tomato has the smallest diploid genome. This family species show high
conservation among each other, and thus, the tomato genome will serve as a “blue print” for
other Solanaceae. The tomato chromosome 12 centromeric region is 1.9 Mb long. The
Lycopersicon is characterized by having 162 bp tandem repeat TGR111 in the centromere.
TGR111 is more predominate in the centromere. TGR1 and TGR11 are present only in
lycopersicon species (Glockner et al., 1998; Yang et al., 2005).
Dictyostelium discoideum has a haploid genome. It consists of 6 chromosomes.
It belongs to the group of social amoebas in the evolutionary branch of Amoebozoa. Each
individual functional centromere is around 190 kilo bases (kb). All of the centromeres consist of
86% of highly repetitive elements. Also the centromere consists of tRNA gene-targeted
retroelement (TRE) locate exclusively on the 31or 51end of tRNA genes (Andrew et al., 2000).
Previous studies showed that Dictyostelium Intermediate Repeat Sequence (DIRS) elements,
Dictyostelium DNA Transposon(DDT) elements and the retrotransposon skipper contribute
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30%-50%, 20% and 10%, respectively, to the overall length of the centromere. Inner
centromere protein A is found in the centromere region (Glockner et al., 2009).
Finally, from my study it was revealed the wild rice genome is closely related to the
domesticated rice genome. Arabidopsis species is distantly related to the wild rice genome
compared to the Lycopersicon, and the Dictyostelium species. If I had the full length
centromeres of each species, I would have gotten clear idea of how many years ago these species
are separated.

i
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M aterials and M ethods
Centromere sequences:
The wild rice centromere fragments were obtained from Dr. Chungang Du’s lab. The
domesticated rice centromere sequences were obtained from “Rice genome amiotation project
website”. These centromeres were identified using the CentO centromeric sequence, sequencing
and flourescent in situ hybridization information.
(http://rice.plantbiology.msu.edu/pseudomolecules/centromere.shtml). Arabidopsis thaliana
chromosome 4 centromere sequences was obtained from NCBI and accession numbers is
AB073166.1 and Arabidopsis thaliana chromosome 5 centromere sequence was obtained from
EMBL nucleotide sequence database, accession number is AB046425. Dictyostelium
discoideum chromosome 3 centromere genomic sequence were obtained from EMBL, accession
number is FJ387222. Lycopersicon esculentum chromosome 12 centromeric sequence was
obtained from NCBI, accession number is AY850394.1.

Annotation:
All these centromeres were further analyzed using several annotation softwares. First,
RepeatMasker (Http://www.repeatmasker.org/cgi-bin/WEBRepeatmasker) (Smit and Green et
at) was used to detect the known repeats (DNA transposons, simple repeats and retro elements
such as SINEs, LINEs and LTR) present in the centromere sequences, using the appropriate
repeat libraries for each species. Tandem repeats in these sequences are revealed by Tandem
Repeats Finder (http://tandem.bu.edu/trf/trf.htmn (Benson et al., 1999). GENSCAN
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(http://genes.mit.edu/GENSCAN.html) (Burge et a l, 1997) was used to predict the genes in the
repeat masked sequences. FGENESH (http://linux 1.softberry.com/berry.phtml) was also used to
predict the genes. Homology searches of the rice full-length cDNA sequences against the
predicted genes were performed using BLASTN
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi7PAGE=Nucleotides&PROGRAM=blastn)
(Altschul et al., 1997) program was used to find the locations of genes.

Comparative tools:
Multiple sequence alignment tool MAFFT (http://al ign. bmr .kvushu-u. ac.ip/maffVsoftware/)
(Katoh et al., 2002) is used to align all the sequences. MultiPipMaker
(http://pipmaker.bx.psu.edu/cgi-bin/multipipmaker) (schwartz et a l , 2000) and zPicture
(http://zpicture.dcode.org/). (Ovachrenko et al, 2004) soft wares are user friendly based
approaches for capturing, visualizing and disseminating comparative analysis of multi sequences,
f or all the comparisons, standard parameters of greater than 100 bp and homology greater than
70% were used to find the conserved non coding regions (CNS), genes and repeats. All these
sequences were compared against the wild rice chromosome 8 centromere fragments.
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RESULTS
Manual alignment of the wild rice chromosome 8 centromere
fragments to the Oryza sativa chromosome 8 centromere:
I tried to align the wild rice chromosome 8 centromere fragments to the Oryza sativa
chromosome 8 centromere because the Oryza sativa chromosome 8 centromere is the only one
centromere sequence which has been sequenced fully so far. The wild rice E5P1 centromere
fragment aligned at two regions and P2 cenrtomere fragment aligned at the one region.
Centromere sequence fragments p2 and E5P1 are overlapped with some extent (Fig 1).

iSs*i tmmh

4 " ----f,
45-

«#

f i s # S |P i

Figure 1: Manual alignment of the wild rice chromosome 8 centromere fragments with the
domesticated rice chromosome 8 centromere.
This figure shows the alignment of wild rice chromosome 8 centromere fragments to the
Oryza sativa chromosome 8 centromere. Oryza sativa chromosome 8 is fully sequenced
centromere. The wild rice centromeres are partially sequenced.

Base composition, gene content and alignment with the wild rice
chromosome 8 centromere fragments:
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Once I have done alignment with the domesticated rice chromosome 8 centromere, I am
curious to know what is in each centromere and which region of the each centromere is align
with the wild rice chromosome 8 centromere fragments.
The Oryza ruflpogon chromosome 8 centromere fragment (E5P1) has 58,516 base pairs
(bp). It has a GC content of 49.84%. The percentage of bases masked is 61.64. It has 61.01%
oí class 1 retroelements, 0.59% of DNA transposons, and 0.04% of simple repeats. Ten genes
were predicted by FGENESH. However, Blast program revealed chloroplast precursor protein
(DCL) and chromatin organization modifier domain.
The Oryza rufipogon chromosome 8 centromere fragment (p2) is 15,751 bp long. The
percentage of GC and bases masked were 45.64% and 79.44%, respectively. Class 1
retroelements and DNA transposons were 71.01% and 6.03% respectively. The FEGENESH
predicted 3 genes. The Blast program revealed UDP-glucoronosyl and UDP-glucosyl transferase
domain containing proteins, and cytochrome P450 enzyme.
The Oryza sativa japónica chromosome 1 centromere is 87,684 bp long. It has a 41.91%
GC content. Four genes were predicted by FGENESH. However, blasting of this sequence in
the Blastx program revealed chloroplast precursor protein. RepeatMasker analysis of this
centromere revealed that 24.97% of the bases were masked. Class 1 retroelements occupied
24.97%. This sequence aligned to the wild rice E5P1 and P2 fragmenst up to 14,000 bp and
3,000 bp, respectively. However, there were lots of gaps in between.
The Oryza sativa japónica chromosome 2 is 68,673 bp long. No repetitive sequences
were predicted by RepeatMasker and no genes were predicted by FGENESH. The wild rice
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chromosome 8 centromere E5P1 fragment aligned with the domesticated rice chromosome 2
centromere. No alignment with the rice P2 centromere fragment.
The Oryza sativa japónica chromosome 3 centromere is 112, 886 bp long. It has a GC
content of 45.28%. RepeatMasker analysis of this sequence revealed that it has 65.99% of class 1
retroelements, and 2.15% DNA transposons. FGENESH predicted 21 genes for chromosome 3.
However, only tumor differentially expressed (TMS) protein was identified by Blast. MAFFT
aligned this sequence with the wild rice E5P1 sequence from 0 to 40 kb and from 53 to 58 kb.
However, there were lots of gaps found. P2 centromere fragment aligned here and there.
The Oryza sativa japónica chromosome 4 centromere is 143,702 bp long. It has a
43.18% GC content. It has 58.18% of class I retroelements. 20 genes were predicted by
FGENESH. Only chloroplast precursor protein was revealed by Blast program. MAFFT
revealed that this sequence aligned with the wild rice sequences from 0 to 58 kb. However there
were lots of mismatches in between.
The Oryza sativa japónica chromosome 5 centromere is 62,350 bp long. RepeatMasker
analysis oí this sequence revealed that it has 9.4% of class 1 retroelements, and 1.44% DNA
transposons. The Blast program identified 4 genes. They are core histone H2A/H2B/H3/H4
domain containing protein, kelch domain containing protein, jacalin-like lectin domain
containing protein, and COBW domain containing proteins. The number of genes predicted by
FGENESH was also 4. MAFFT revealed that rice 5 centromere is aligned from 0 to 5 kb and
from 52 to 58 kb of the wild rice E5P1 centromere fragment. No alignment with the wild rice P2
centromere fragment.
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The Oryza sativa japónica chromosome 6 centromere is 91,579 bp long. The GC content
is 43.27%, and 47.18% of bases were masked. RepeatMasker analysis revealed that it has
38.57%, and 7.86% of the class 1 retroelements, and DNA transposons, respectively. It has 1
prefoldin protein, 1 protein of 1,4-alpha-glucan-branching enzyme, CGMC_MAPKCMGC_2.10
( CGMC includes CDA, MAPK, GSK3, and CLKC) kinases and autophagy related proteins were
identified through blast. FGENESH predicted 13 genes. This sequence is aligned with the entire
wild rice 8 centromere sequence with lots of gaps in between.
The Oryza sativa japónica chromosome 7 centromere is 65, 793 bp long. Masked bases
and GC content is 1.07%, and 45.6%, respectively. 1.07% of the class 1 retroelements were
identified. Only hypothetical proteins were identified through Blast and there were no genes
predicted by FGENESH. This sequence is aligned with the entire wild rice 8 centromere
sequence with lots of gaps in between.
The Oryza sativa japónica chromosome 8 centromere is 1, 972 kb long. It has a GC
content of 45.22%. Analysis of rice 8 centromere with the Blastx software revealed that it has 3
genes. They are chloroplast precursor (DCL) protein, Rhamnogalacturonate lyase, and RER1.
GENSCAN predicted 21 genes. RepeatMasker masked 37.54% bases in the entire genome.
Among them, 35.44% were class 1 retroelements, 1.59% DNA transposons, and the remaining
0.51% was occupied by simple repeats, low complexity regions, and small RNAs. This sequence
aligned with the wild rice chromosome 8 centromere E5P1 fragment from 0 to 10 kb and from
50 to 58 kb. This sequence aligned with the entire P2 centromere fragment with lots of gaps in
between.
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The Oryza sativa japónica chromosome 9 centromere is 32,982 bp long. No repetitive
sequences were detected by RepeatMasker. The only gene identified by Blast is that of a oligo
peptide transporter protein. Also, there were no predicted genes by FGENESH. This centromere
aligned with wild rice chromosome 8 centromere E5P1 fragment from o to 7 kb and from 52 to
58 kb. No alignment was observed with the wild rice P2 centromere fragment.
The Oryza sativa japónica chromosome 10 centromere is 139,398 bp long. The GC
content is 47.15%, and 74.65% of the bases were masked. Among them, 71.21% are class 1
retroelements, and DNA transposons occupy 2.70%, the remaining repeats are simple repeats,
low complexity regions. 23 genes were predicted by FGENESH. However, the Blast program
identified a CUE domain containg protein. MAFFT program showed that this sequence aligned
with the wild rice chromosome 8 centromere from 0 to 58 kb. However there were lots of
mismatches in between.
The Oryza sativa japónica chromosome 11 centromere is 44,813 long. The GC content
is 41.33%, and 54.51% of bases were masked. RepeatMasker analysis revealed that this
centromere has 42% ofclass 1 retroelements, and 12% of DNA transposons. The Blast program
identified chloroplast precursor. FREGENSH predicted 7 genes. This sequence aligned with the
entire wild rice E5P1 centromere fragment. However, there was lot of mismatches in between.
No alignment was observed with the wild rice P2 centromere fragment.
The Oryza sativa japónica chromosome 12 centromere is 92,644 bp long. The GC% is
45.11 %. RepeatMasker masked 41.39% bases. It consists of 37.22% of class 1 retroelements ,
and 3.79% of DNA transposons. Cytochrome p450 was identified by the Blast program.
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FREGENSH predicted 5 genes. This sequence aligned with the entire wild rice sequences with
gaps.
Arabidopsis chromosome 5 centromere is 123 kb long. It has 36.4% of GC.
RepeatMasker analysis masked 0.78% bases. It has only simple repeats and low complexity
regions. Galactinol synthetase, extensin like protein, and AP 2 domain proteins were identified
by blast program. FGENESH predicted 21 genes. According to the MAFFT program, this
sequence aligned here and there to the wild rice E5P1 centromere fragment.
Lycopersicon chromosome 12 centromere is 1,972,546 bp long. Its GC content is
44.22%. RepeatMasker masked 4.18% bases. It has 2.23% of class 1 retro elements. Blast
program identified cytochrome c biogenesis protein, and extension proteins. FGENESH
predicted 49 genes. According to the MAFFT program, this sequence aligned here and there to
the wild rice centromere fragments.
Dictyostelium centromere is 191,675 bp long. Percentage of GC is 30.54% and 7.02%
bases were masked by RepeatMasker. Class 1 retroelements occupied 1.22%. FGENESH
predicted 68 genes. No genes were identified by Blast.

Summary of the repeats and the genes:
Most of the rice centromeres that I have analyzed so far have repeats in between 40 to
80%. However, the domesticated rice 1, 2, 5 and 9 chromosomes centromeres have 22%, 0%,
11%, and 0% of the repeats, respectively. However, the percentage of repeats in other species
like Arabidopsis, Lycopersicon, and Dictyostelium range from 0.5 to 10%. Most of the
centromeres have Gypsy LTR retrotransposons rather than copia LTR retrotransposons. The
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percent GC content in Arabidopsis, Lycopersicon, and Dictyostelium ranges between 30-45%. In
contrast, all the rice centromeres have more than 45% GC content (Table 1).
Some centromeres like rice 6, 8, 10, 11, P2 and Dictyostelium have Penelope SINES and
some centromeres like rice E5P1, 3, 6, 8, 10, 11, and 12 have DNA transposons. Total
interspread repeats are lesser in Arabidopsis, Lycopersicon, Dictyostelium and rice 5, 7, 8
centromeres than other rice centromeres. There are more low complexity regions and simple
repeats in Lycopersicon and Dictyostelium than in other species (Table 1).
Table 1: Retroelements detected in the centromeres
Name

Total
Bases
(bp)

GC
Level(
%)

Mask
ed
bases
(%)

Rice 1

87684

41.91

Rice 2
Rice 3
Rice 4
Rice 5
Rice 6
Rice 7

112885
143702
62350
91579
65793

Rice 8
Rice 9
Rice 10
Rice 11
Rice 12
Arabidopsis
Lycopersico
n
Dictyosteliu
m
Rice P2
Rice E5P1

Non
LTR
retrotra
nsposo
ns

LTR
retrotran
sposons

DNA
transpos
ons

24.97

10

1

45.28
43.18
41.14
43.27
40.65

69.34
58.19
11.95
47.18
1.07

42
30
3
47
3

1972546

45.22

.10

139398
44813
92644
123460
1972546

47.1
41.33
45.11
36.40
45.22

191675
15751
58516

3

Simple
repeats

Low
complexity
regions

12

14

34

3
4

4
1
5
7

67

13
1
4
6
255

4
3
5
9
377

73

76

H
2-

4

rr

74.65
54.51
41.39
.78
4.8

3
3

32
18
16

17
18
4

30.54

7.02

1

15

45.64
49.84

79.44
61.64

1

2
12

4
2

1
1
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Genes were predicted by FGENESH and GENSCAN software. The Blast program was
used to find the proteins. Most of the centromeres have genes. However, there were no genes
conserved in all the sequences. Most of the rice chromosome centromeres have chloroplast
precursor proteins, and cytochrome p 450 proteins. The rice 2 chromosome centromere did not
have genes. The rice chromosome 7 centromere and Dictyostelium centromere had only
hypothetical proteins. The rice 6 chromosome centromere has a large number of proteins than
other centromeres (Table 2).
Table 2: Genes detected in the centromeres
Sequence name
Blast identified genes
Rice 1
chloroplast precursor proteins
Rice 2
None
Rice 3
TMS protein/ tumor differentially expressed proteins
Rice 4
chloroplast precursor proteins
Rice 5
Core histone H2A/H2B/H3/H4 domain containing protein; kelch domain
containing protein, jacalin-like lectin domain containing protein; COBW domain
containing proteins.
Rice 6
Zinc knuckle containing protein; 1,4-alpha-glucan-branching enzyme;
CGMC MAPKCMGC 2.10 (CGMC includes CDA, MAPK, GSK3, and CLKC)
kinases; prefoldin, lecithin:cholesterol acyltransferase, aminotransferase,
Rice 7
Rice 9

Hypothetical protein
Oligopeptide transporter -like protein

Rice 10

CUE domain containing protein

Rice 11

Adenylate kinase; sulfate transporter 4.1, chloroplast precursor; caleosin related
protein; Aminotransferase

Rice 12

Cytochrome P450

Arabidopsis

Galactinol synthetage; Extensin like protein; AP 2 domain; Transcriptional
Activator

Lycopersicon

Ccytochrome c biogenesis protein; extension enzyme; putative transcription
regulator CPL1
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Dictyostelium

Hypothetical proteins

Rice E5P1

Chloroplast precursor protein; Chromatin organization modifier

Rice P2

UDP-glucoronosyl and UDP-glucosyl transferase domain containing protein;
cytochrome P450 enzyme
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Distribution of the retroelements, genes and satellite sequences:
Further, I am interested to see not only where do the genes and repeats present in the
centromeres but also look for location of the centromeric specific repeats, which may provide a
way to identify the region of centromere that the partially sequenced chromosome came from.
By doing so, it was revealed that the Oryza sativa chromosome 2, and 9 centromeres were
entirely from the core region because they have only CentO satellite repeats. The Oryza sativa 6,
and 11 chromosome centromeres, and the wild rice P2 centromere fragments are entirely from
flanking regions because they have only retrotransposons. The remaining centromeres have both
satellite repeats and retrotransposons (Fig 2).
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Figure 2: Annotation map of the centromeric regions of the rice chromosomes
This picture shows the location of the tandem repeats, retroelements and genes in each
centromere. In this figure, RCS2 and CentO satellite repeats presence indicates that this region
is from core region. Only transposable elements are seen in pericentromeric region. Genes are
indicated by arrows. Direction of the arrow indicates the orientation of the gene.

Comparative analysis of all the centromeres against the wild rice
chromosome 8 centromere:
After aligning each centromere with the wild rice chromosome 8 centromere fragments, I
wanted to see if there is a repeat or a gene common in all the sequences. I submitted all the
sequences to the zPicture browser in FASTA format. All the sequences were compared against
the wild rice chromosome 8 centromere fragments. Outcome results indicated that there are no
evolutionary conserved regions (ECR) between centromere fragment P2 and domesticated rice
chromosome 2, 5, 9, 11 centromeres, Arabidopsis centromere and Dictyostelium centromere.
ECRs are more in between P2 fragment and the domesticated rice 3, 6, 8, 10, 12 chromosome
centromeres and Lycopersicon centromere than the domesticated rice chromosomes 1, 4, 5
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centromeres (Fig 3b). The wild rice E5P1 centromere fragment showed more ECR between all
the centromeres except with Dictyostelium centromere (Fig 3a). There are no conserved genes,
exons, and UTRs in these sequences.

Figure 3: Figure showing evolutionary conserved regions (ECR)
zPicture analysis for the comparision of the all the centromeres against the wild rice chromosome 8
centromere fragments E5P1 (left) and P2 (right). In this figure, default parameters (>100 bp/>70% ID)
were used to highlight intronic (pink) and intragenic (red) conserved elements. Black lines indicate the
alignment. Length of the black line is proportional to the length of ungaped region. Height of the graph
is proportional to the percent identity.
These results are conformed by MultiPipMaker software. All the centromeres are
compared against the wild rice chromosome E5P1 fragment through MultiPipMaker. All light
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orange boxes are conserved non coding regions which are present in all the sequences except
Arabidopsis, Lycopersicon and Dictyostelium centromeres (Fig 4). MultiPipMaker also showed
conserved CpG islands which are indicated by light dark gray boxes (CpG/CpC >0.75) and white
boxes (CpG/CpC < 0.75). The CpG sites are the region of DNA where the cytosine nucleotide
is present next to the guanine nucleotide in a linear sequence along its length. These CpG
containg sites are called CpG islands. MultiPipMaker software gives outcome results only if all
the given sequences are aligned with the comparing sequence. I did not get the outcome results
when I submitted all the sequences against the wild rice P2 fragment because fragment p2 had no
alignment with rice chromosomes 2, 5, 9, 11 centromeres , Arabidopsis centromere and
Dictyostelium centromere.
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Figure 4: percentage identity plot (PIP) showing conserved non coding regions by
comparing all the centromeres against the wild rice chromosome 8 centromere E5P1
fragment
In this figure, all conserved non coding regions are showed as light pink color. Light green
region indicates the presence of genes.

PhylogeneticT ree:
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Next, I wanted to know the relationship between all the centromeres. Phylogenetic tree is
a convenient way of representing evolutionary relationships among a group of organisms. I
attempted to construct a phylogenetic tree using all the centromere sequences. All the rice
centromere sequences which are aligned to the wild rice E5P1 centromere fragment from 101 bp
to the 350 bp were used to construct the phylogenetic tree. The MAFFT create trees by using the
simpler algorithms (i.e. those based on distance) of tree construction.

Figure 5: Phylogenetic relationship between all the centromeres used in this study
This figure shows the relationship among the wild rice, the domesticated rice, the
Arabidopsis, the Lycopersicon, and the Dictyostelium centromeres.
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D iscu ssion
What defines a centromere? A centromere is the characteristic landmark and appears as a
constriction on chromosomes during metaphase. The centromere plays an important role in
proper segregation of sister chromatids to opposite poles during cell division. Errors in the
centromere function lead to aberrant division and chromosomal instability, both of which are
often observed in cancerous cell.
Why do we study the centromere? Considering the essential roles that centromeres play
in mitosis, they are truly at the center of this process. Previous experiments have shown that the
centromere is far more than simply a "primary constriction" in a chromosome. Later
experiments proved that centromeres are dynamic assemblies of chromatin of which there are
specialized functional regions existing within each centromere. Given the large amount of
current research interest in centromere biology, it seems likely that the centromere has a few
more surprises in store for us.
Centromere function is the same in all species. What is common in all these centomeres?
This question has yet to be answered. In aiming to produce a comprehensive inventory of
centromere components in plants and slime mold, I have selected Germinae (rice), Solanaceae
(tomato), Brassicaceae (Arabidopsis) and Dictyostelium discoidenum (slime mold) species. I
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compared all these sequences against the wild rice chromosome 8 centromere which came from
Dr.Chunguang Du’s lab.
The rice is the simplest monocotyledonous genome so far analyzed. The Arabidopsis is
so similar to most other plants in many aspects. It has a smaller genome compared to other
species in this family. Among the Solanaceae family, the tomato has the smallest diploid
genome. The Dictyostelium discoidenum has a haploid genome.
The wild rice centromere fragments are aligned with the domesticated rice chromosome
8 centromere because the domesticated rice chromosome 8 centromere is the only one which has
been sequenced fully so far. By doing these alignments, it was revealed that these two wild rice
centromere fragments came from different region of the rice centromere and also observed some
extent of overlap between these two fragments.
Preliminary annotations were done by RepeatMasker, GENSCAN, and FGENESH
software programs. In addition, the Blast program was used to find the location of currently
available centromere genes from a phylogenetically diverse species with complete or nearly
complete genome sequences. Retroelements are mobile genetic elements. They can exist as
either DNA or RNA. They contain a reverse a transcriptase gene. These retroelements are
considered as primarily selfish or parasitic organisms which play an important role in evolution.
Even though having these retroelements has not done any harm to the host, mutations caused by
these elements lead to various diseases. From the preliminary annotations, it was revealed that
the rice chromosome centromeress 2 and 9 centromeres have 0 repeats. And the rice
chromosomes 1 and 5 centromeres, the wild rice E5P1 centromere fragment, have very few
repeats. The percentage of repeats in Arabidopsis, Lycopersicon, and Dictyostelium, range from
0.5 to 10. There are no genes common in all the centromeres. However, most of the rice
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centromeres have chloroplast precursors. Chloroplast proteins are synthesized on the cytosolic
ribosomes as the precursor proteins. It was proven that these proteins are located near to the
centromeric domain (Ma et al, 2007). All the centromeres used in this study aligned with the
wild rice E5P1 centromere fragment. However, there were no alignments among the wild rice P2
centromere fragment and the domesticated rice chromosomes 2, 5, 9, 11 centromeres and also
among the wild rice P2 centromere fragment and the Arabidopsis and the Dictyostelium
centromeres.
Eventhough, all the centromeres have not had the same genes and repeats, all the
centromeres showed alignment with the wild rice E5P1 centromere fragment. This stimulated
me to further annotate the centromere sequences. In this process I came to know that each
centromere has species specific characteristics. The rice centromere is characterized by having
CentO, RCS2, and RCS1 satellite repeats in the core region which is interrupted by a centromere
specific retrotransposon. Centromere flanking regions are characterized by having a centromere
specific retrotransposon (Kurata et al, 2002; Dong et al, 1998; Cheng et al, 2002). The rice
centromeres I used in this study have CentO and RCS2 satellite repeats and centromere specific
retrotransposons. The Arabidopsis centromere is characterized by having a 180 BP tandem
repeat in the core region, and Ty3/gypsy-type retrotransposons and middle repetitive sequences in
the flanking region (Copenhaver et al 1999). The Arabidopsis sequence I used for this research
did not have 180 BP tandem repeats. However, the Arabidopsis sequence had Ty^/gypsy-ty^Q
retrotransposons. The Lycopersicon centromere is characterized by the presence of a TGR1 (162
BP) tandem repeat in the core region and retroelements in the flanking region. Having only
retroelements in the Lycopersicon centromere, used in this study, indicates that this region is
might be from the flanking region of centromere.
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Of further interest, is the location of the retroelements, centromere specific tandem
repeats and genes in each chromosome centromeric region. Previous studies showed that the
core regions of the rice centromere have CentO satellite repeats and RCS2 repeats (Cheng et al,
2002; Kurata et al, 2002; Dong et al, 1998). Centromere specific retrotransposon (CRR)
elements interrupt CentO elements irregularly (Cheng et al, 2002). One of my research
objectives is to determine if the partially sequenced chromosome centromeres are from the core
region or from the flanking region. Interestingly, by finding the location of repeats, genes and
tandem repeats in the chromosomes, it was revealed that chromosomes 1, 2, 5, 7,9, and 12,
centromeres, all have CentO satellite repeats and RCS2 repeats. This indicates that these
sequences are from the core region of the centromere. Rice chromosomes 2 and 9 centromeres
did not have retroelements because they are completely from the core region. There were fewer
number of retroelements found in Rice chromosomes 1 and 5 centromeres because most of these
centromere sequences are also from the core region. Chromosomes 6 and 11 centromeres have
LTRJGypsy type retroelements. This indicates that this region might be from the flanking region
of the centromere. Chromosomes 3 and 4 centromeres have more centromere specific
retrotransposon (CRR).
In order to detect similarities and differences in these centromeres, I used comparative
tools. From the zPicture output, it was revealed that no evolutionary conserved regions (ECR)
between centromere fragment P2 and domesticated rice chromosome 2, 5, 9, 11 centromeres,
Arabidopsis centromere and Dictyostelium centromere. ECRs are more in between P2 fragment
and the domesticated rice 3, 6, 8, 10, 12 chromosome centromeres and Lycopersicon centromere
than the domesticated rice chromosomes 1, 4, 5 centromeres (Fig 3b). The wild rice E5P1
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centromere fragment showed more ECR between all the centromeres except with Dictyostelium
centromere (Fig 3a). There are no conserved genes, exons, and UTRs in these sequences.
Multipip maker results revealed that there is a conservation of CpG islands in all the
sequences that were compared. Ikuo et al proved that genes are associated with CpG islands.
Genes that are associated with CpG islands are mostly located in the promoter region. All these
findings indicate that even though there are different genes in all the centromere sequences that
were compared, these genes are located at the same location. Even though all the sequences do
not have the same gene at the same location, all the sequences definitely have either one or the
other gene at the same place. This was confirmed by observation of conservation of an intergene
region within the same species. From this, it is clear that gene regions are mutated slowly
compared to the other region.
Using the MAFFT software, a phylogenetic tree for the chromosomes was built. An
interesting feature of phylogenetic relationships is that it allows one to obtain a phylogenetic
relationship between species based upon similarities and differences in their physical and/or
genetic characteristics. From these phylogenetic trees it was revealed that the Lycopersicon, the
Dictyostelium and the domesticated rice are separated from the wild rice in less amount of time
compared to the Arabidopsis.
Finally, my work shows that each centromere has species specific tandem repeats. Types
of repeats are the same within the species. Both the domesticated and the wild rice centromeres
share more structural similarities than the wild rice centromere and the Arabidopsis, The
Dictyostelium , the Lycopersicon centromeres. Conservation of CpG islands and intergene
region indicates that gene rich areas are evolving more slowly than gene rare areas. The
phylogentic studies revealed that the Arabidopsis is distantly related to the wild rice compared to
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the Lycopersicon, the Dictyostelium and the domesticated rice. Building on the structural
similarities found in this study, additional sequencing of the wild rice genome, the domesticated
rice genome may provide additional insight into their genome analysis.
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